S U M M A R Y Sphingosine-1-phosphate (S1P), a potent lipid mediator, transduces intracellular signals through the activation of S1P receptors (S1PRs). Although S1PRs have been shown to play an important role in the central nervous system (CNS), accurate localization and the function of S1PR1 in the human CNS are still unclear. In this study, we investigated the localization of S1PR1 in the human CNS of postmortem samples, using a rabbit polyclonal antibody, the specificity of which had been well defined. Immunohistochemical investigation of paraffin-embedded sections revealed diffuse granular staining of the gray matter. The signals of the gray matter were much stronger than those of the white matter. The immunohistochemical expression levels correlated well with the results of quantitative real-time RT-PCR-based analysis and Western blotting. Studies using double immunostaining and immunoelectron microscopy revealed that the antigen was strongly expressed in the membrane of the astrocytic foot processes of glia limitans and astrocytes with radial cytoplasm, but not distributed in neurons. In neurological disorders, hypertrophic astrocytes with strong expression of glial fibrillary acidic protein exhibited significantly decreased expression of S1PR1 in contrast to its strong expression in astrocytes forming fibrillary gliosis. These results indicate that S1PR1 is localized in astrocytes, and its expression level may change during the processes that occur after brain damage. 
K E Y W O R D S astrocyte immunoelectron microscopy immunohistochemistry glia sphingosine-1-phosphate receptor 1 SPHINGOSINE-1-PHOSPHATE (S1P), a potent lipid mediator produced from the metabolism of sphingolipids by the action of sphingosine kinase (SPHK), transduces intracellular signals through the activation of five G-proteincoupled receptors, termed S1P receptor (S1PR) 1, S1PR2, S1PR3, S1PR4, and S1PR5 (Toman and Spiegel 2002; Hannun and Obeid 2008) . S1P influences different biological processes, such as cell proliferation, survival, migration, and morphogenesis, depending on the relative expression of these S1PRs coupled to different intracellular second messenger systems, including phospholipase C and phosphatidylinositol 3-kinase/protein kinase Akt, as well as Rho-and Ras-dependent pathways (Sanchez and Hla 2004; Kihara et al. 2007 ). S1PRs are widely expressed in the central nervous system (CNS), with region-specific distributions (Toman and Spiegel 2002; Jaillard et al. 2005; Ohuchi et al. 2008; Chun and Hartung 2010) . The S1P/S1PR signal has been shown to play an important role in neural development, regulation of neural stem cells and glial migration, astrocyte proliferation, protection against apoptosis, and, more recently, modulation of neuronal excitability and glutamatergic neurotransmission (Chun et al. 2000; Toman and Spiegel 2002; Yamagata et al. 2003; Harada et al. 2004; Kajimoto et al. 2007; Kimura et al. 2007; Milstien et al. 2007; Ohuchi et al. 2008) . However, in situ localization of S1PRs in the human CNS remains unclear because of the lack of specific antibodies against S1PRs; most findings have been obtained from experiments at the mRNA level (Brinkmann 2009 ). FTY720 is a structural analogue of sphingosine and has biological activity in vivo by being phosphorylated by SPHKs (Mandala et al. 2002) , which are abundantly expressed in the brain (Blondeau et al. 2007; Bryan et al. 2008 ). The phosphorylated form of FTY720 (FTY720P) activates S1PRs, mainly S1PR1, in a fashion similar to that of endogenous S1P. It has been shown that it can be used as a drug for the treatment of multiple sclerosis (Kappos et al. 2010) . Because FTY720 administration dose dependently induces a peripheral lymphopenia, probably by trapping lymphocytes in lymph nodes, it may prevent autoreactive lymphocytes from moving to the CNS. Otherwise, the drug crosses the blood-brain barrier and may have direct effects on CNS by stimulating the repair process after injury (Miron et al. 2008; Brinkmann 2009; Chun and Hartung 2010) . More precise assessment for the expression of S1PRs, especially S1PR1, is required to determine the role of FTY720 in neurological disorders.
We recently investigated S1PR1 expression in formalin-fixed, paraffin-embedded tissue sections of human tissues using an antibody, the specificity of which had been defined by immunostaining of the vasculature in S1PR1 2/2 and S1PR1 1/2 mouse embryos (Akiyama et al. 2008 ). The S1PR1 antigen was stable even in autopsy samples after long-standing fixation and could be used as an immunohistochemical marker (Akiyama et al. 2008 (Akiyama et al. ,2009 Nishimura et al. 2010) . In this study, to clarify the expression of S1PR1 in the human CNS, we investigated postmortem specimens by IHC, immunoelectron microscopy, Western blotting (WB), and quantitative real-time RT-PCR.
Materials and Methods
The study design was approved by the ethics review board of Kawasaki Medical School, Okayama, Japan.
Antibodies
A rabbit polyclonal antibody against aa 322-381 of S1PR1 of human origin [EDG-1 (H60): sc-25489; Santa Cruz Biotechnology, Santa Cruz, CA] was used. This antibody (1:50 dilution) has been thoroughly checked for specificity by comparing the immunostaining results of the vasculature in paraffin sections of S1PR1 2/2 and S1PR1 1/2 mouse embryos, an angiosarcoma cell line (ISO-HAS), and mantle cell lymphoma expressing considerable quantities of S1PR1 mRNA (Akiyama et al. 2008; Nishimura et al. 2010) . A prediluted rabbit antiglial fibrillary acidic protein (GFAP) antibody (Nichirei; Tokyo, Japan), polyclonal antibody against aquaporin 4 (AQP4, 1:400 dilution; Millipore, Billerica, MA), and synaptophysin (1:400 dilution; Biogene, Montreal, Canada) were also used.
Tissue Specimens
Tissue samples were retrieved from the files of the Department of Pathology, Kawasaki Medical School. Clinical and pathological information on cases used in this study is summarized in Table 1 . The autopsy specimens were fixed in 7.4% buffered formaldehyde for 2 weeks, and samples were taken from the frontal lobe, temporal lobe, parietal lobe, occipital lobe, cingulate gyrus, amygdala, hippocampus with entorhinal and transentorhinal cortex, motor cortex, visual cortex, basal ganglia, thalamus, hypothalamus, mamillary body, subthalamic nucleus, lateral geniculate body, midbrain, pons, medulla oblongata, cerebellum, and spinal cord. These samples were embedded in paraffin and sectioned into 6-mm-thick pieces (hemisphere sections were cut into 8-mm-thick pieces). Routine stainings of hematoxylin-eosin (HE) and Klüver-Barrera were conducted for the diagnosis.
Immunohistochemistry
Seven cases (cases 1-7; Table 1) were used for IHC. The sections were deparaffinized; antigen retrieval was carried out in a pressure cooker containing Tris-EDTA-buffered solution (pH 9.0) for 10 min using a microwave oven (600 W), and the sections were reacted with 3% H 2 O 2 for 5 min to eliminate endogenous peroxidase activity. After incubation in 10% FBS, the sections were first allowed to react with the antibodies for 60 min at room temperature. They were then washed in TBS and allowed to react with the EnVision Detection System (Dako; Glostrup, Denmark) for 30 min.The sections were then incubated in DAB (Dako) for chromogen and counterstained with hematoxylin. Antigen retrieval was not carried out in cases of GFAP and Central nervous system (CNS) includes cerebrum, cerebellum, brain stem, and spinal cord. In cases 1-12, the examined areas were shown to be within normal limits. There was no lesion of hemorrhage, infarction, tumor, or neurodegeneration. In case 2, abnormal lesions were almost limited to the spinal cord and motor nucleus of the brain stem, and the cerebrum and cerebellum were shown to be within normal limits.
AQP4 staining. For the staining of sections with melanin pigments or Nissl bodies, the sections were incubated in 3,3′,5,5′-tetramethylbenzidine (Trueblue; KPL, Gaithersburg, MD) or were incubated with an alkaline phosphatase-conjugated secondary anti-mouse/rabbit IgG antibody (Histofine simple stain AP; Nichirei) instead of EnVision, and the signals were detected using a New Fuchsin substrate kit (Nichirei). Negative controls were treated in the same manner, but without the primary antibodies.
Double Immunostaining
After antigen retrieval in a pressure cooker containing Tris-EDTA-buffered solution (pH 9.0) for 10 min using a microwave oven (600 W), the tissue sections were first incubated with the antibody mixture for 60 min at room temperature. The sections were then incubated with an alkaline phosphatase-conjugated secondary anti-mouse/ rabbit IgG antibody (Histofine simple stain AP), and signals were detected using the New Fuchsin substrate kit. Then, the sections were incubated with an antibody mixture for 60 min at room temperature after the antigen retrieval. The sections were incubated with a peroxidase-conjugated anti-mouse/rabbit IgG antibody (EnVision), and the signals were detected using Trueblue.
Immunocytochemistry
Cerebral and cerebellar cortices from cases 3 and 4 were used for squash preparations (Dawson et al. 2003 ). These specimens were immediately fixed in 95% ethanol for 1 hr, and endogenous peroxidase activity was eliminated by incubating them in 0.3% H 2 O 2 in methanol for 15 min. Without antigen retrieval, the sections were stained using rabbit anti-S1PR1 antibody (1:20 dilution) for 30 min. They were then washed in TBS and allowed to react with the EnVision Detection System for 30 min. Then, the sections were incubated in DAB for chromogen and counterstained with hematoxylin. Figure 1 Macroscopic and microscopic localization of sphingosine-1-phosphate receptor 1 (S1PR1) in formalin-fixed, paraffin-embedded sections of the central nervous system. Macroscopically, immunoreaction products are localized mainly in gray matter (A, cerebral hemisphere), cerebellar cortex and dentate nucleus (B), and brain stem gray matter (C, midbrain; D, pons; and E, medulla oblongata). Exceptionally, white matter is mildly stained in the spinal cord (F). Microscopically, no difference in S1PR1 expression pattern is seen in the regions of the cerebral cortex, subcortical nuclei, and brainstem nuclei (G-P). Betz cells of precentral gyrus (H, arrow) and the line of Gennari in the striate cortex (I, arrow) are seen. Some areas of the subventricular zone are also stained for S1PR1 (J 
Immunoelectron Microscopy
Preembedded immunoelectron microscopy was performed using the free-floating method (Sadahira et al. 1988 ). Cerebral cortex autopsy samples from cases 3 and 4 were fixed with 4% paraformaldehyde containing 0.1% glutaraldehyde in a 0.1 mol/liter phosphate buffer solution (pH 7.4) for 2 hr. They were then rinsed in PBS and cut into 50-mm sections using a vibratome. The sections were stained in the free-floating state using the VECTASTAIN ABC kit (Vector Laboratories; Burlingame, CA). After treatment with PBS containing 0.1% saponin for 30 min, the sections were incubated with PBS containing normal serum for 1 hr. Then, they were incubated in a polyclonal rabbit anti-S1PR1 antibody (1:10 dilution) overnight at 4C, washed in PBS, and incubated in a biotinylated secondary antibody for 3 hr at room temperature. The sections were washed in PBS and incubated in an ABC reagent at room temperature for 1 hr. After washing in PBS, the sections were incubated in 0.02% DAB for 10 min and then reacted with DAB containing H 2 O 2 . They were refixed with 1% glutaraldehyde, washed in PBS, and stained for peroxidase activity. Negative controls were treated in the same manner, but without the primary antibodies. After the immunohistochemical reaction, the sections were postfixed with 2% osmium tetroxide, dehydrated, and embedded in Epon. Ultrathin sections were examined by electron microscopy after staining with uranyl acetate.
Western Blotting
Four cases (cases 1-4; Table 1 ) were used for WB. Total proteins were extracted from the brain of autopsy cases for WB. Brain tissues were obtained from the cerebrum (parietal, occipital, or temporal lobe, according to the case); both cerebral cortices and white matter were sampled separately and frozen using liquid nitrogen. Immediately after the addition of a boiled lysis buffer [1% SDS, 1.0 mM sodium ortho-vanadate, and 10 mM Tris (pH 7.4)], the cerebral cortex or the white matter was homogenized, boiled for 5 min, passed through a 26.5-gauge needle five to t10 times, and centrifuged to prepare tissue extracts. The proteins of each tissue extract were quantified using a Qubit Fluorometer (Life Technologies; Carlsbad, CA). An angiosarcoma cell line (ISO-HAS) was cultured and rinsed three times with PBS at room temperature.
Immediately after the addition of the boiled lysis buffer, the cells were collected by scraping and were boiled for 5 min, passed through a 26. A comparative study of expression of S1PR and SPHK between gray matter and white matter of cerebrum of four autopsy cases by quantitative real-time RT-PCR. Data are represented as the mean DC t 6 SEM (DC t 5 C t value of target mRNA 2 C t value of 18S rRNA); therefore, greater expression is equivalent to smaller DC t value of mRNA. S1PR1 and S1PR3 mRNA are more abundantly expressed in gray matter than in white matter (*p,0.01). Inversely, S1PR5 mRNA is more abundantly expressed in white matter than in gray matter (*p,0.01). Quantitative Real-time RT-PCR Four postmortem cases (cases 1-4; Table 1 ) were used for real-time RT-PCR (Cummings et al. 2001) . Total mRNA was extracted using a RiboPure kit (Life Technologies) and quantified using a Qubit Fluorometer (Life Technologies). cDNA was synthesized from each extract containing 1 mg of mRNA using a QuantiTect Reverse Transcription kit (Qiagen; Hilden, Germany). Real-time PCR primers were purchased from Qiagen (QuantiTect Primer Assay) for human S1PR1 (QT00208733), S1PR2 (QT00230846), S1PR3 (QT00244251), S1PR4 (QT01192744), S1PR5 (QT00234178), SPHK-1 (QT01011927), SPHK-2 (QT00085386), and RPS18 (QT00248682). Gene expression levels were analyzed on an Applied Biosystems 7500 PCR System (Life Technologies) with a QuantiTect SYBR Green PCR kit (Qiagen). S1PR and SPHK expressions were normalized by comparison with the expression of a reference gene, 18S rRNA. The conditions for amplification were 15 min at 95C to activate the HotStarTaq DNA polymerase, 40 cycles of 94C for 15 sec, annealing at 55C for 30 sec, and extension at 72C for 34 sec. As the PCR efficiency of the reaction was comparable between the target and the endogenous reference gene, 18S rRNA, normalized S1PR1, S1PR2, S1PR3, S1PR4, S1PR5, SPHK1, and SPHK2 expressions were calculated using ABI software and 2 -DDCt analysis.
Statistical Analysis
The QT-PCR data were analyzed using Student's t-test and Welch's t-test. Statistical significance was defined as a p value ,0.01.
Results
Anatomic Localization of S1PR1 in the CNS First, we investigated the expression of S1PR1 in the various CNS regions from seven autopsy cases (cases 1-7; Table 1 ) by IHC. Positive signals were widely distributed in the gray matter throughout the CNS. The S1PR1 expression was much stronger in the gray matter (cerebral cortex, subcortical gray matter, cerebellar cortex, brain stem nuclei, and spinal central gray matter) than in the white matter ( Figures 1A-1P ).
To correlate with the findings of IHC, we next examined the protein of S1PR1 and the mRNA expression of S1PRs in cerebrums from four autopsy cases. On WB, the reaction products were seen with a molecular mass of about 40-45 kDa in the cortex fraction, which was consistent with the findings of S1PR1, whereas the band of 40-45 kDa was very faint in the white matter fraction (Figure 2) . We next examined the mRNA expression of S1PRs, SPHK1, and SPHK2 in cerebral cortex and white matter postmortem samples from four autopsy cases. The average DC t values Figure 4 A comparative study of expression of S1PR1, synaptophysin, aquaporin 4 (AQP4), and glial fibrillary acidic protein (GFAP) in cerebrum (A-L) and expression of S1PR1 in astrocyte morphology (M-Q). (A-D) Cerebral cortex and (E-H) cerebral white matter. At highpower magnification, the gray matter shows diffusely fine granular staining of S1PR1 (A) similar to those of AQP4 (B) and synaptophysin (C), whereas the white matter shows focal faint staining of S1PR1 (E), AQP4 (F), and synaptophysin (G). GFAP-positive astrocytes are loosely distributed in both cortex (D) and white matter (H). Nerve cell bodies do not stain for S1PR1. Double immunostaining of synaptophysin (red) and S1PR1 (blue) demonstrated a fine intermingled distribution pattern of these antigens in the cerebral cortex (I). In the globus pallidus, a clear differential distribution pattern is seen (J). In the midbrain, differential localization is seen in oculomotor nucleus (K) and substantia nigra (L). Astrocytes with radial cytoplasmic processes in the putamen are stained (M). The glia limitans of the brain surface (N) and blood vessels (O) show strong expression. Radial elongated cytoplasmic staining is clearly seen in the squash preparation, by ICC (P). Immunoreaction products are localized around the blood vessels (Q). o, oculomotor nerve; c, substantia nigra pars compacta; r, substantia nigra pars reticulata.
for genes expressed in the cortex and white matter are shown in Figure 3 . In all cases, the expression of S1PR1 mRNA in the cerebral cortex was significantly greater than that in the white matter. The quantity of S1PR1 mRNA in the cerebral cortex was 6.3-fold greater than that in the white matter. The quantity of S1PR5 mRNA in the white matter was 6.9-fold greater than that in the cortex.
S1PR1 Expression in Cerebrum
The gray matter exhibited diffuse staining of S1PR1. There was no difference in the staining pattern among the frontal, temporal, parietal, and occipital cortices, primary areas (motor and visual cortices), limbic systems (hippocampus, amygdala, and cingulate cortex), and transentorhinal/entorhinal cortex ( Figures 1A, 1G-1I,  1K, and 1L) . Subcortical nuclei such as the basal ganglia and thalamus also exhibited diffuse staining ( Figures 1M  and 1N ). The subventricular zone was also positive for S1PR1 ( Figure 1J) . At high-power magnification, the gray matter of all areas showed fine granular staining, but the nerve cell bodies showed no staining (Figures 1  and 4A ).
As this staining pattern superficially suggests synaptic staining, we compared the localization pattern of S1PR1 with that of synaptophysin, a marker of the synaptic vesicle; AQP4, a transmembrane water channel protein that has been shown to be densely distributed in astrocytic foot processes (Preston and Agre 1991; Nielsen et al. 1997) ; and GFAP, a marker of reactive astrocytes. The S1PR1 staining pattern of the cerebrum was very similar to those of synaptophysin and AQP4 (Figures 4A-4H ). However, double immunostaining for S1PR1 and synaptophysin gave distinctive intermingled granular staining, indicating different localizations of the antigens (Figure 4I ). In the globus pallidus, anti-synaptophysin antibody stained pipeshaped structures (Goto et al. 1989) , part of the neuron, but these structures were not stained for S1PR1 ( Figure 4J) .
IHC for S1PR1 also infrequently showed radial cytoplasmic staining in the cerebrum ( Figure 4M ). Stronger S1PR1 staining was seen in the glia limitans of the brain surface and blood vessels ( Figures 4N and 4O ). An immunocytochemical squash preparation of the cerebral cortex clearly revealed cells with extended radial cytoplasmic processes ( Figure 4P ). The glia limitans of the blood vessels was also densely labeled on the squash preparations ( Figure 4Q) .
Immunoelectron microscopy demonstrated that reaction products localized on irregular and sheet-like membranous structures are interspersed among the neuronal components and often surround the synapses (Figures 5A and 5C) . No signal was seen in the synapses, but strong signals were localized in the glia limitans ( Figures 5B and 5D ). In the blood vessels, the luminal surfaces of endothelial cells were stained for S1PR1 ( Figure 5D ).
S1PR1 Expression in Cerebellum
The gray matter was stained for S1PR1 ( Figure 1B) . Characteristically, the molecular layer exhibited linear S1PR1 staining toward the surface of the cerebellum, which is considered to represent Bergmann fibers (Figure 6A) . Purkinje cell bodies were not stained. Double immunostaining for S1PR1 and synaptophysin showed a differential distribution ( Figure 6B ). An immunocytochemical squash preparation revealed radial elongated cytoplasmic processes ( Figure 6C ).
S1PR1 Expression in Brain Stem
The gray matter was stained for S1PR1 ( Figures 1C-1E,  1O, and 1P) . The subpial and subventricular areas were also positive for S1PR1. The substantia nigra pars reticulata exhibited an S1PR1 staining pattern similar to that of the globus pallidus, which was confirmed by double immunostaining for synaptophysin and S1PR1 ( Figure 4L ). The double immunostaining showed intermingled granular distribution in the brain stem nuclei ( Figure 4K ).
S1PR1 Expression in Spinal Cord
The gray matter shows diffuse fine granular staining of S1PR1 ( Figure 6D ) similar to those of AQP4 ( Figure 6E ) and synaptophysin ( Figure 6F) . In contrast to cerebral white matter, spinal white matter shows slightly stronger mesh-like signals of S1PR1 ( Figures 6D and 6H ) similar to those of AQP4 ( Figures 6E and 6I ) and GFAP ( Figures 6G and 6K ).
S1PR1 Expression in Peripheral Nervous System
In sympathetic ganglions and the Auerbach's plexus (cases 8-11; Table 1), S1PR1 was not expressed in Figure 6 S1PR1 expression in cerebellum (A-C), spinal cord (D-K), and peripheral nervous system (L-N). In the cerebellum, the molecular layer shows linear staining for S1PR1 (A). S1PR1 (blue) and synaptophysin (red) are differentially distributed (B). The area of Bergmann glia shows diffuse staining for S1PR1, but not for synaptophysin. Differential distributions are clearly seen in the granular cell layer. The immunocytochemical squash preparation of the cerebellar cortex shows radial elongated cytoplasmic processes (C). In the spinal cord, comparative immunostaining of S1PR1 (D,H), AQP4 (E,I), synaptophysin (F,J), and GFAP (G,K) is shown. (D-G) Low-power magnification of spinal cord; (H-K) highpower magnification of spinal white matter. The spinal white matter exhibits slightly stronger signals than the cerebral white matter. This localization pattern of S1PR1 is similar to that of AQP4. In the peripheral nervous system, double immunostaining of S1PR1 (blue) and synaptophysin (red) is shown. There is no evidence of S1PR1-positive signals in the neural components. Vascular channels stain for S1PR1. (L) Auerbach's plexus, (M) sympathetic ganglion, and (N) adrenal medulla. p, Purkinje cell; g, granular cell; c, cortex; w, white matter. neuronal components ( Figures 6L and 6M) . The adrenal medulla (case 12) was negative for S1PR1 ( Figure 6N ).
S1PR1 Expression in Astrocytic Pathology
Next, we investigated S1PR1 expression in astrocytosis/ fibrillary gliosis by comparison with GFAP expression. Hypertrophic astrocytes proliferating around metastatic lesions in lung cancer (case 13; Table 1 ) stained strongly for GFAP, but stained faintly for S1PR1 (Figures 7A, 7E, and 7I) . In lesions of subacute cerebral infarction (cases 14-16), hypertrophic astrocytes showed strong positivity for GFAP but faint staining for S1PR1 ( Figures 7B, 7F, and 7J ). In the case of anisomorphic gliosis of old infarctions (cases 17-19), however, S1PR1 was clearly expressed in a dense glial fiber meshwork, which was strongly stained for GFAP (Figures 7C, 7G, and 7K) . In a lesion of multiple system atrophy (case 20), isomorphic gliosis was clearly stained for S1PR1 and GFAP (Figures 7D, 7H , and 7L).
Discussion
S1PRs have been shown to be expressed in the CNS (Toman and Spiegel 2002; Ohuchi et al. 2008; Brinkmann 2009; Chun and Hartung 2010) , but in situ localiza-tion of S1PR1 in the human CNS remained unclear. In this study, we clearly showed cellular localization of S1PR1 in the human CNS for the first time using IHC, with a well-defined anti-S1PR1 antibody.
To determine the anatomic localization of S1PR1, Waeber and Chiu (1999) studied S1P-stimulated G-protein activity by autoradiography and found that the activity was seen in the gray matter of the forebrain and molecular layer of the cerebellum. Similarly, Sim-Selley et al. (2009) studied the activity stimulated by the S1PR1-selective agonist, SEW2871, by autoradiography. The activity was detected in the cerebral cortex, molecular layer, amygdala, basal ganglia, periaqueductal gray, hippocampus, and hypothalamus, and lower levels were detected in the thalamus and corpus callosum. Indeed, the morphological distinction of astrocytes from neuronal cells is very difficult, especially in gray matter, because cortical astrocytes have abundant lamellate processes surrounding synapses, dendrites, and nerve cell bodies (Hirano and Llena 2006) . We investigated S1PR1 expression in the gray matter and white matter separately obtained from autopsy samples and found stronger expression of S1PR1 mRNA in gray matter than in white matter. We also found preferential expression of S1PR3 mRNA in gray matter and S1PR5 mRNA in white matter, Figure 7 S1PR1 expression in astrocytic pathology. (A-D) Hematoxylin-eosin staining; (E-H) S1PR1 immunostaining; (I-L) GFAP immunostaining. Hypertrophic astrocytes with strong positivity for GFAP show faint staining for S1PR1 in the cases of metastatic carcinoma (A,E,I) and subacute brain infarction (B,F,J). In contrast, strong S1PR1 signals are seen in fibrillary gliosis in the cases of old infarction of cerebral cortex (C,G,K) and multiple system atrophy of middle cerebellar peduncle (D,H,L).
which is consistent with the results of previous studies ( Jaillard et al. 2005; Brinkmann 2009; Chun and Hartung 2010) .
Immunostaining studies allowed us to conclude that S1PR1 is localized in astrocytes, but not in neurons, which could be due to the following findings. First, immunostaining of paraffin sections and squash preparations revealed distinct staining of radial elongated cytoplasmic processes and glia limitans. Second, the expression pattern of S1PR1 in gray matter was similar to that of AQP4, which is abundantly expressed in the astrocyte foot processes (Misu et al. 2007 ). Third, immunoelectron microscopy revealed an ultrastructural localization of S1PR1 in astrocytic components, but not in synapses. Fourth, double immunostaining revealed differential localization between synaptophysin and S1PR1. Fifth, nerve cells were obviously negative for S1PR1 in the peripheral nervous system.
Astrocytes play important roles in the CNS by regulating ion exchange and neurotransmitter concentrations and by supplying the nutrients and growth factors for neurons (Sofroniew 2005 ). Matyash and Kettenmann (2009) described the morphological and functional heterogeneity of astrocytes. Recent studies have shown that astrocytes express S1PR1, S1PR2, and S1PR3 at the mRNA level, and S1PRs are considered to be involved in regulating astrocyte function (Brinkmann 2009; Chun and Hartung 2010) . Osinde et al. (2007) demonstrated that FTY720P mediates ERK phosphorylation in astrocytes, but not in neurons or oligodendrocytes in primary cultures of the cerebral cortex of rat embryo. Similarly, Mullershausen et al. (2007) showed that FTY720P and the S1PR1-selective agonist SEW2871 stimulate astrocyte migration. However, the role of S1PR1 in astrocyte function in adult humans remains unclear. On the basis of our ultrastructural observation that S1PR1 is preferentially expressed in protoplasmic astrocyte processes surrounding neurons, we conclude that S1P/S1PR1 signaling may be involved in the formation of the processes that maintain astrocyte-neuron contact.
Astrocytes can be activated and proliferated by S1P or FTY720P stimulation (Sorensen et al. 2003; Yamagata et al. 2003; Bassi et al. 2006; Osinde et al. 2007; Wu et al. 2008; Chun and Hartung 2010) . In a variety of neurological disorders, astrocytes react by becoming hypertrophic and displaying rapid upregulation of GFAP expression. The reactive astrocytes lead to glial scar with dense GFAP filament formation. In this study, we found that S1PR1 expression is downregulated in hypertrophic astrocytes, with strong GFAP expression. This result suggests a modulation of S1PR1 expression during the activation of astrocytes by inflammatory cytokines, including interleukin-1 and tumor necrosis factor-a (Alvarez et al. 2007) . In contrast, S1PR1 was strongly expressed in astrocytes with strong GFAP positivity in fibrillary gliosis of old infarctions and multiple system atrophy. These results are intriguing because FTY720 administration inhibited glial scar formation by directly acting on astrocytes (Miron et al. 2008; Brinkmann 2009 ). Thus, further immunohistochemical studies with a larger number of cases with CNS disorders are warranted to clarify the involvement of S1P/S1PR1 signaling in neurological disorders.
In conclusion, our study revealed an astrocytic localization of S1PR1 in the human CNS and a change in its expression level in neurological disorders. Further studies using specific antibodies against S1PRs may help to understand the role of S1P/S1PR signaling in human diseases.
